Synthesized organic chemicals, used as inhibitors in mitigating the corrosion of huge quantities of steel articles, pose a major threat to the global environmental problems and health hazards. Naturally occurring products which had been used for natural medication purposes, since the human civilization, are found to inhibit corrosion of steel. Electrochemical studies of the effects of black pepper, garlic, yeast, and coffee on acid corrosion of steel have shown that the corrosion current decreases by manyfold with increase in concentration of the inhibitors. These green inhibitors have been found to get adsorbed maximum up to 70-90%. The polarizing effect is more on cathodic reactions than on anodic reactions, acting as cathodic inhibitor, while a few behaves as anodic to mixed inhibitor. Mechanisms of adsorption are investigated by Frumkin, Temkin, and Langmuir isotherms. The free energy of adsorption is found to be between −15 and −40 kJ/m for most inhibitors, indicating the phenomena of physical adsorption.
Introduction
Mild steel articles are prone to severe degradation in HCl. As a corrosion prevention and protection method, application of inhibitor is very popular. A number of heterocyclic compounds with N, S, and O as hetero atoms are proved to be effective corrosion inhibitors [1, 2] , and the screening of synthetic heterocyclic compounds is still being continued. Though many synthetic compounds showed good anticorrosive activity, most of them are highly toxic to both human beings and environment. The safety and environmental issues of corrosion inhibitors arisen in industries have always been a global concern. These inhibitors may cause the reversible (temporary) or irreversible (permanent) damage to organ system, namely, kidneys or liver, or to disturb a biochemical process or to disturb an enzyme system at some site in the body. The toxicity may manifest either during the synthesis of the compound or during its applications. These toxic effects have led to the use of natural products as anticorrosion agents which are ecofriendly and harmless [3] . In recent days many alternative ecofriendly corrosion inhibitors have been developed, they range from rare earth elements [4] to organic compounds [5] [6] [7] [8] .
A few natural products such as plant extracts and animal proteins were reported [9] to have been used in pickling acid bath. But detailed studies of corrosion rate determination and adsorption of natural products as green inhibitors are very limited [10, 11] . In the present investigation, mitigation of corrosion of low carbon steel has been studied with application of green inhibitors, namely, black pepper, coffee, garlic, and yeast.
Experimental Methods

Sample Preparation.
Mild steel (C = 0.24%, Mn = 0.72%, Si = 0.51%, S = .049%, P = 0.51%) specimens of size 6 × 2 mm were cut from the bar sample and were polished with series of emery paper up to 3/0 grade and subsequently cloth polished. The sample was cleaned with acetone before each polarization test.
Solution and Inhibitor Preparation.
All the experiments were carried out at 25 • C, in 1 N HCl, prepared in double distilled deionized water, with or without different concentrations of various inhibitors.
Five different green inhibitors, black pepper, coffee, garlic, yeast, and tobacco were used. Black pepper is dried at 150 • C to drive out moisture and pulverized using pestle and mortar and dissolved in 1 N HCl at various concentrations. Coffee powder was dried and different measured quantities of it were dissolved in acid to make various concentrations of the inhibitor. Garlic was pasted in mortar and squeezed to get the juice which was added in varying quantity to vary the concentration. Dry yeast was weighed in different quantities and added to HCl. Tobacco leaf was dried in oven at 150 • C to drive off moisture and then pulverized to −150 mesh. Required quantity of it was added in acid solution. 
Adsorption Study.
The fraction of inhibitor adsorbed θ was determined from the following equation:
where i In corr and i corr are the corrosion current density with and without inhibitor, respectively.
Results and Discussions
Acids attack aggressively the articles and equipments made of low carbon steel. Different types of organic and inorganic inhibitors are used to mitigate the rate of the corrosion of the steel. It is interesting to find if the naturally occurring domestic products like black pepper, coffee, garlic, and yeast have any effect on electrochemical corrosion process of steel in acid. Figure 1 compares corrosion rates of mild steel in three common aqueous environments, namely, HCl, H 2 SO 4 , and sea water. It is seen that the corrosion rate of the steel is comparatively higher in HCl than in other aqueous environments. The effect of black pepper as green inhibitor with variation of concentration is shown in Figure 2 . It is seen that the inhibitor reduces the corrosion rate and the degree of reduction increases with increase in concentration from 25 ppm to 200 ppm. The corrosion rate decreases by over thousand times. The corrosion potential does not change much, indicating it is a mixed inhibitor. Coffee as green inhibitor is also effective in mitigation of corrosion ( Figure 3 ) but its effect is less compared to black pepper. Similar study with garlic as inhibitor ( Figure 4) shows it to be a very powerful inhibition of mild steel corrosion, the effect increases with concentration. The corrosion potential shifts in the negative direction at higher concentration, indicating it to be a cathodic inhibitor. Yeast is also seen to be a good green inhibitor for steel corrosion ( Figure 5 ). The inhibitor is mixed to cathodic inhibitor. Tobacco can also act as green inhibitor ( Figure 6 ) with corrosion potential shifting in the anodic region, indicating it is a cathodic inhibitor. Figure 7 displays a comparative corrosion mitigation with five different green inhibitors with variation ISRN of their concentrations. It is seen while the effects of all the inhibitors in mitigating corrosion rate increase with concentration and reach minimum with 200 ppm concentration, the effect of yeast and garlic is more powerful compared to other inhibitors. The inhibiting effect of tobacco is the least, so tobacco was left out for further experimentation. Figure 8 illustrates variation of corrosion potential with concentration for five different green inhibitors. It is seen that the corrosion potential shifts in the negative direction for garlic, black pepper, and yeast, indicating them as cathodic inhibitor, while it shifts in the positive direction for tobacco and coffee, indicating them as anodic inhibitor. It is also interesting to note that the type of the inhibitor changes with increase in concentration. For example, black pepper acts as a mixed inhibitor with corrosion potential almost remaining same for a concentration up to about 100 ppm and thereafter it shifts towards anodic region, acting as cathodic inhibitor. Coffee initially acts as cathodic inhibitor but with increase in concentration over 50 ppm, it becomes an anodic inhibitor. Figure 9 shows adsorption characteristics of the inhibitors with concentration. While most of the inhibitors get adsorbed over 90% at higher concentration, tobacco is adsorbed maximum up to 70%. Further study with tobacco has been discarded.
Adsorption Study.
Adsorption isotherms are very important in understanding the mechanism of inhibition of corrosion reaction. The most frequently used adsorption isotherms are Frumkin, Temkin, Freundlich, and Langmuir isotherms. Determination of adsorption isotherm equation that best fit the adsorption data helps to compute free energy of adsorption from the following equation:
where K ads is the adsorption equilibrium constant. The constant 55.5 is the molar concentration of water in the solution. If the calculated values of ΔG ads are negative and less than the threshold value of −40 kJ/mol, it confirms that the adsorption of inhibitors on mild steel is spontaneous and that physical adsorption mechanism is applicable.
Langmuir Adsorption Isotherm.
The Langmuir isotherm is the first choice for most models of adsorption and has many applications in surface kinetics. Langmuir adsorption is valid for low coverage. It is based on four assumptions.
(1) The surface of the adsorbent is uniform, that is, all the adsorption sites are equivalent. (2) Adsorbed molecules do not interact.
(3) All adsorption occurs through the same mechanism. (4) At the maximum adsorption, only a monolayer is formed: molecules of adsorbate do not deposit on other, already adsorbed, molecules of adsorbate, only on the free surface of the adsorbent.
These four assumptions are seldom all true: there are always imperfections on the surface, adsorbed molecules are not necessarily inert, and the mechanism is clearly not the same for the very first molecules to adsorb as for the last. The fourth condition is the most troublesome, as frequently more molecules will adsorb on the monolayer. The equation So
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plotting log[θ/(1 − θ)] versus log c, intercept gives log K.
Temkin Adsorption Isotherm.
Temkin adsorption isotherm is only valid and effective at 0.2 < θ < 0.8. It assumes molecular interaction between adsorbed molecules. The equation is as follows:
where f is a molecular interaction parameter related to the molecular interactions in the adsorption layer as well as energetic inhomogeneity of the surface, and C is the concentration in mole.
So log C = f θ/2.303 − log K, plotting log C versus θ, intercept = − log K.
Frumkin Adsorption
Isotherm. The Frumkin adsorption isotherm assumes that the electrode surface is inhomogeneous or that the lateral interaction effect is not negligible. The equation is as follows:
where a is an interaction parameter, taking into account, the attraction (a > 0) or repulsion (a < 0) between the adsorbed species. For a = 0 (no interaction) this isotherm becomes equivalent to the Langmuir isotherm. For +ve a, adsorption energy decreases with θ whereas for negative a adsorption energy decreases with θ. Plotting, ln[θ/(1 − θ)c] versus θ, intercept gives ln K. The adsorption data have been made to fit into the models of Temkin, Langmuir, and Frumkin adsorption isotherms as shown, respectively, in Figures 10, 11 , and 12, with regression coefficient and equations given in the chart. It is seen in Figure 10 that adsorption data well fit the Temkin model with all four types of inhibitors with yeast being the best fit. Langmuir adsorption isotherms in Figure 11 show that the inhibitor yeast does not show much linearity while coffee and garlic are good fit. Frumkin isotherm is the best fit for yeast followed by garlic. Table 1 displays the equilibrium constants and free energies for adsorption of different inhibitors. It is seen that all free energy values are negative indicating spontaneous adsorption of the inhibitors on steel surface and range of free energy values are between −17 kJ/m to −35 kJ/m except for yeast with Temkin model computed as −69 kJ/m, indicating that the nature of adsorption is physical for black pepper, coffee, and garlic inhibitors.. Thus with these inhibitors, there will be no compound formation and the process is reversible. There may be multimolecular layer of adsorption of species. For yeast, being best fit with Temkin model, it is chemisorptions with higher adsorption energy of −69 kJ/m. The effect of yeast in inhibiting corrosion was found to be maximum (Figure 7) with degree of adsorption reaching over 90% at 100 ppm concentration (Figure 9 ). Thus there is a strong chemical bond formation between the constituents of yeast and steel surface blocking more number of cathodic sites (Figure 8 , corrosion potential shifts towards negative potential.) and increasing the polarization of cathodic hydrogen evolution reaction, H + + e = H. The free energy of adsorption of black pepper on steel substrate is also high (−35 kJ/m) fitting the Temkin model, indicating strong physical adsorption. The rate of corrosion has been drastically reduced with concentration ( Figure 7) . The inhibitor is a mixed variety ( Figure 8 ) polarizing both anodic and cathodic reactions. At 100 ppm concentration of the inhibitor, the fraction of adsorption is 0.70 (Figure 9 ) but the degree of corrosion reduction (Figure 7) is quite high. This may be due to the fact that inhibitor was adsorbed more on anodic sites than on cathodic sites, since the anodic area is generally much smaller than cathodic area. An inhibitor is generally assumed to be an anodic inhibitor if it can decrease the corrosion rate to a good extent with smaller fraction of adsorption. The inhibitor coffee follows Langmuir adsorption isotherm with free energy of −16 kJ/m. It is a physical adsorption of monolayer with no interaction of adsorbed molecules. Corrosion rate decreases steadily with the increase in concentration of the inhibitor (Figure 7) due to more adsorption on uncovered sites which is the characteristic of Langmuir adsorption. The constituents of garlic also adsorb physically on metal surface following Temkin or Langmuir adsorption with energy in the order of −10 to −20 kJ/m. Garlic is also very effective in reducing corrosion rate to very low at higher concentration (Figure 7) . High percentage surface coverage ( Figure 9 ) and corrosion potential shifting towards negative indicates that it blocks cathodic sites, increasing hydrogen overvoltage. Table 2 displays the calculated interaction parameters of Temin and Frumkin equations. It is seen that interaction parameter a of the Frumkin equation is greater than zero for all the inhibitors, indicating that there is a force of attraction between the adsorbed species and there is no repulsion between them. This means that higher the concentration of the inhibitor, the more is the decrease in corrosion rate. This attractive force is found to be much more for black pepper and garlic than that for other two ( Table 2 ) and that is why it is found (Figure 7 ) that the effect of these two inhibitors is more powerful at higher concentration. In case of Temkin adsorption equation, the interaction parameter f (which is related to the molecular interactions in the adsorption layer as well as energetic inhomogeneity of the surface) is always positive and greater than 1. So there exits molecular interaction among the species for all the inhibitors with highest being for yeast which showed maximum reduction in corrosion current (Figure 7 ). High energy of −69 kJ/m (Table 1) obtained with inhibitor supports the phenomena of chemisorptions with high molecular interaction.
Attempts have been made to understand the inhibiting effects of these green inhibitors from their chemical constituents. For example the main compound found in the black pepper [12] is the chemical substance Piperine (Figure 13) [13] which is a alkaloid, responsible for the pungency of black pepper.
Piperine forms monoclinic needles and is slightly soluble in water. It yields salts only with strong acids. Piperine has been found to inhibit many biochemical reactions in human body and drug metabolism. So this compound in black pepper seems to be inhibiting electrochemical metal dissolution reaction in acid solution.
Coffee contains a complex mixture of chemical compounds of caffeine, trigonelline, chlorogenic acid, phenolic acids, amino acids, carbohydrates, and minerals and volatile aroma components including organic acids, aldehydes, ketones, esters, amines, and mercaptans. Of these, Caffeine (C 8 H 10 N 4 O 2 ), (Figure 14) is the major physiologically active substance. It is a bitter tasting alkaloid, soluble in water and in many organic solvents, and it appears as white crystals in pure form. It is the common name for trimethylxanthine (systematic name is 1,3,7-trimethylxanthine or 3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione) [14, 15] .
The inhibiting effect of Caffeine ( Figure 14 ) present in coffee seems to be due to presence of aromatic rings with double bonds O group that make good inhibitor.
Garlic which is also known as Allium sativum [16], contains at least 33 sulfur compounds with maximum (85%) being S-Allylcysteine sulfoxide (C 6 H 11 NO 3 S) and 17 amino acids. The amount of sulphur concentration in garlic is higher than any other Allium species. The sulfur compounds are responsible both for garlic's pungent odor and many of its medicinal effects. For many years, sulfur compounds are being used for corrosion inhibition. For example, Thiourea SC(NH 2 ) 2 is known to be a very powerful chemical inhibitor for acid corrosion and is used for corrosion inhibition of steel articles in acids. So the presence of so many sulfur compounds and amines (amino acids) in garlic should be reason for mitigation of corrosion as found in present investigation.
Yeasts are eukaryotic microorganisms [17, 18] . More than one-half of the dry yeast consists of proteins and other nitrogenous bodies. Notable nitrogen base compounds [19] in the yeast that may inhibit steel corrosion in acids are p-Aminobenzoic acid C 7 H 7 NO 2 , Niacin C 6 NH 5 O 2 , and Thiamine hydrochloride C 12 H 17 ClN 4 OS (Figure 15 ). p-Aminobenzoic [20] (Figure 15(a) ) consists of a benzene ring substituted with an amino group. It is slightly soluble in water.
Niacin [21], (Figure 15(b) ) a colorless, water-soluble solid is a derivative of pyridine. Thiamine [22] (Figure 15(c) ) is a water soluble sulfur containing vitamin. It also consists of amine group. It is well established that organic compounds having benzene ring with amine, diamine, and pyridine make very powerful corrosion inhibitor of steel in aqueous environment. This explains corrosion inhibiting property of yeast as found in the present investigation.
